Spo0A-phosphate is essential for the initiation of cellular differentiation and developmental processes in Gram-positive spore-forming bacteria. Here we combined comparative genomics with analyses of microarray expression pro®les to identify the Spo0A-phosphate regulon in Bacillus subtilis. The consensus Spo0A-phosphate DNA-binding motif identi®ed from the training set based on different computational algorithms is an 8 bp sequence, TTGTCGAA. The same motif was identi®ed by aligning the upstream regulatory sequences of spo0A-dependent genes obtained from the expression pro®le of Sad67 (a constitutively active form of Spo0A) and their orthologs. After the transcription units (TUs) having putative Spo0A-phosphate binding sites were obtained, conservation of regulons among the genomes of B.subtilis, Bacillus halodurans and Bacillus anthracis, and expression pro®les were employed to identify the most con®dent predictions. Besides genes already known to be directly under the control of Spo0A-phosphate, 276 novel members (organized in 109 TUs) of the Spo0A-phosphate regulon in B.subtilis are predicted in this study. The sensitivity and speci®city of our predictions are estimated based on known sites and combinations of different types of evidence. Further characterization of the novel candidates will provide information towards understanding the role of Spo0A-phosphate in the sporulation process, as well as the entire genetic network governing cellular differentiation and developmental processes in B.subtilis.
INTRODUCTION
To adapt to changes in the environment during the transition from exponential to stationary growth phase, Bacillus subtilis has evolved a well tuned adaptive system. At this stage, regulons functioning in genetic competence (1) , cell motility (2), antibiotic production (3), synthesis of degradative enzymes (4) and sporulation (5) are induced. It has been demonstrated that these different developmental responses are interconnected and they are co-regulated by a highly sophisticated transcriptional network (6±9). One major issue in deciphering the complete regulatory network is to dissect the complex network into single regulons that are groups of genes distributed over the whole genome controlled by a single transcription factor (9) .
The focus of this study is on the sporulation regulon in B.subtilis. Sporulation of B.subtilis cells is the ultimate bacterial adaptive response to nutritional stress and involves the differential development of two cells, mother and daughter. Entry into sporulation in B.subtilis is dependent upon a signal transduction mechanism that ultimately results in the transfer of a phosphate group from ATP to the regulatory protein Spo0A (10) . Activated Spo0A (Spo0A-phosphate) then binds to its operator site(s) located in the promoter regions of its target genes (operons). Among the targets of Spo0A-phosphate are the transcription units (TUs) spoIIA, spoIIE and spoIIG involved in the activation of alternative sigma factors s F and s E which in turn direct the transcription of genes functioning in daughter and mother cells, respectively (11, 12) . Spo0A-phosphate also regulates the transcription of abrB and sinI-R operons encoding the transition state regulators, which regulate the transcription of a large set of genes (13, 14) . The overall importance of Spo0A-phosphate as a global regulator of transcription is highlighted by microarray experiments, revealing that~14.3% of all ORFs in the B.subtilis genome have transcript levels at least 3-fold dependent on the spo0A allele during the early to middle sporulation process (15) . However, only 10 TUs (14 genes) out of 585 spo0A-dependent genes were previously recognized as being directly spo0A dependent (16) .
Thanks to the development of microarray techniques and computational methods, the rate of regulon discovery has been greatly accelerated in the past few years. In B.subtilis, transcriptional pro®ling of many important transcriptional factors controlling various cellular developments has been performed, including the key competence transcription factor ComK (17, 18) , the essential sporulation regulator, Spo0A (15) , the stress response sigma factor s B (19) (20, 21) , a pleotropical repressor CodY (22) and 16 two-component regulators (23, 24) . Although clustering of microarray data has provided a high throughput technology for identifying co-regulated genes (25, 26) , the small number of experimental time points and conditions in most B.subtilis microarray data sets make it dif®cult to distinguish direct from indirect effects on transcript levels. To deal with the dif®cul-ties, we combined the analysis of expression pro®les with a comparative genomics approach in this study. The simple premise underlying the comparative genomics approach to DNA motif discovery is that selective pressure causes functional elements to evolve at a slower rate than nonfunctional sequences (27) . Thus, binding sites for a given transcription factor stand out in the relative non-conserved (compared with the coding regions) upstream regions of orthologous genes (28) . This approach is now widely used to identify cis regulatory elements in eukaryotic genomes (27, 29, 30) . In bacteria, several groups employed a similar strategy to de®ne regulons (31±34). Here, besides looking for binding sites at the upstream regions of TUs for a given genome, conservation of regulon gene content was also considered. By this approach, the assignment of a gene to a regulon is reinforced if the gene itself and its orthologs in other genomes all have DNA binding sites in the upstream regulatory regions of their respective TUs. To assess the degree of conservation we used all three complete Bacillus genomes, B.subtilis, Bacillus halodurans and Bacillus anthracis for our comparative analysis. Bacillus halodurans is quite similar to B.subtilis in terms of genome size and organization, G+C content and general taxonomic properties (35, 36) , but B.anthracis is more closely related to an opportunistic pathogen, Bacillus cereus (37), which is distantly related to B.subtilis. It is expected that results derived from three pair-wise comparisons will be more informative.
Our overall procedure to predict the Spo0A-phosphate regulon is as follows (see Fig. 1 ). The ®rst step is to generate a weight matrix model of the Spo0A-phosphate binding sites from the combined set of previously known Spo0A-phosphate-dependent genes and newly identi®ed ones from microarray pro®ling, also using their orthologs in other Bacillus species. Since all documented Spo0A-phosphate binding sites are located in the upstream regulatory region of a TU, the second step is to predict the TUs in the genomes of B.subtilis, B.anthracis and B.halodurans. In this study, a TU is de®ned as a continuous series of genes on the same strand with an intergenic distance not exceeding 80 nt. This criterion is based on our current knowledge about the intergenic distance for genes within TUs in B.subtilis (20) . Next, the weight matrix was applied to scan the upstream sequences of all TUs in B.subtilis, B.anthracis and B.halodurans to search for potential binding sites of Spo0A-phosphate. The cut-off score separating the putative binding sites from the background sequences was computed based on the analysis of score distributions of binding sites in the genome. At this stage, we had a set of TUs controlled by a set of putative sites for all three genomes. We also have mRNA measurements for B.subtilis that identi®es genes whose expression is at least 3-fold dependent on Spo0A-phosphate (15) . While that dependence could be direct or indirect, if there is also a strong putative binding site for Spo0A-phosphate we can expect that the regulation is direct. Furthermore, if strong putative binding sites in B.subtilis are conserved in the other Bacillus species, we also expect that those genes will be regulated. In those genes that contain all types of evidence, a strong putative site which is conserved in the other Bacillus species and a 3-fold or greater dependence on Spo0A-phosphate, we can be quite con®dent of direct regulation.
MATERIALS AND METHODS

Data sets and genomic sequences
The complete genomic sequences of B.anthracis (37), B.subtilis (35) , B.halodurans (36) and Clostridium acetobutylicum (38) with their annotation ®les were obtained from GenBank (39) . The unannotated contig sequences of Bacillus stearothermophilus were downloaded from ftp://ftp. genome.ou.edu/pub/bstearo. Bacillus subtilis genes whose transcript levels are 3-fold dependent on the spo0A allele were extracted from the database accompanying the paper by Fawcett et al. (15) .
Identi®cation of Spo0A-phosphate DNA-binding motif
Preparation of training set I. We collected 10 genes (TUs) known to be directly regulated by Spo0A-phosphate in B.subtilis. Orthologs of these 10 genes in the genomes of B.halodurans, B.anthracis and B.stearothermophilus were identi®ed by BLAST search. In total seven orthologs in B.halodurans, ®ve orthologs in B.anthracis and seven orthologs in B.stearothermophilus were obtained by BLAST search. The upstream sequences of previously known spo0A directly controlled genes (10 genes with 11 promoters) in B.subtilis, Bacillus thuringiensis (one gene), Bacillus megaterium (two genes) and Bacillus licheniformis (one gene) were collected from the literature. The upstream sequences of their orthologs in B.halodurans, B.anthracis and B.stearothermophilus were extracted from genomic or contig sequences. In total, 34 sequences were prepared as training set I. The length of these sequences range from 200 to 400 nt.
Preparation of training set II. Training set II was prepared by on-line database search using the query of 3-fold expression dependency on Sad67 at 15, 30 and 60 min (15) . We obtained 13 genes (ykaA, spoIIGA, yneE, spo0A, sinI, yqzD, yuxH, yukF, yvyE, narQ, ywcI, yxzC and abrB). This is based on two considerations: ®rst, the earlier the expression of a gene is changed by the induction of IPTG (15 min), the more likely it is under the direct control of spo0A; secondly, the resulting genes obtained at the 15 min time point are more reliable if their expressions are consistent across the other two time points (30 and 60 min). Four (spoIIGA, spo0A, sinI and abrB) out of the above 13 genes overlapped with those in training set I, they were discarded from training set II to avoid dependence between the two training sets. In addition, yxzC was also removed from training set II because it is not the leader gene of the TU as the other eight genes are. Therefore, training set II was created by collecting the upstream sequences (400 nt from the translation start) of the resulting eight genes and their corresponding orthologs in B.halodurans, B.anthracis and B.stearothermophlius. In total, 18 sequences were prepared as training set II.
Combined set used for identifying the ®nal weight matrix of Spo0A-phosphate binding motif A combined training set was generated by combining training set I and II. However, two sequences in training set I (B.anthracis spoIIGA and B.licheniformis spoIIAA) and one sequence in training set II (yukF) together with its orthologs were removed due to very low scoring binding sites in these sequences. Based on the initial training sets, these genes did not appear to have sites that matched the spo0A-phosphate pattern, at least within the region used in our analysis, and so were eliminated from the combined training set. The combined set contained 42 sequences (Table 1) .
Motif-®nding programs
The Spo0A-phosphate binding motif was identi®ed by running the motif ®nding programs CONSENSUS (version 6c) (40), WCONSENSUS and ANN-Spec on the three sets of sequences (training sets I and II, and combined sets). CONSENSUS uses a greedy algorithm to ®nd the most signi®cant local multiple alignment in a set of sequences. From each multiple alignment a score called information content (I seq ) can be calculated:
where j is the position within the site, L is the length of the site, b refers to one of the four bases, and f bj is the observed frequency of each base at that position, and p b is the a priori probability of the individual bases. In this study, p A , p T , p C and p G were set to 0.3, 0.3, 0.2 and 0.2, respectively, since the GC contents in non-coding regions of the B.subtilis and B.halodurans genomes are 39.8 and 39.3%, respectively (36) . The statistical signi®cance of an alignment having some information content can be determined and used to rank alignments with different lengths, number of sequences and site symmetry. WCONSENSUS is a variant of CONSENSUS capable of identifying a DNA motif without prior knowledge of the length of the motif. ANN-Spec (version 1.0) uses the Gibbs sampling algorithm to ®nd the multiple alignment that best distinguishes the difference between a positive sequence set from a background sequence set (41) . The background sequences were prepared by collecting the upstream regions of 400 randomly selected TUs from the B.subtilis genome. Motif lengths from seven to 16 were tried in which both single and double strands of DNA were searched for DNA binding motifs. Because of the nondeterministic nature of the algorithm, multiple training runs are performed (100), with each run iterating 1000 times. The results were sorted by their best attained objective function values (best energy). The weight matrix having the highest score for a given length was recognized as the most signi®cant one.
Search Spo0A-phosphate binding sites in genomes
The program PATSER (version 3b) (40) was used to search Spo0A-phosphate binding sites in the genomes of B.subtilis, B.halodurans and B.anthracis using the ®nal weight matrix we identi®ed. PATSER scores every l-mer in a DNA sequence given a weight matrix of length l. The score of the l-mer, S, is the sum of the respective positional weights (42): Because all known Spo0A binding sites occur in the regulatory regions of TUs, the putative regulatory regions in each genome were generated by taking 400 nt upstream from the translation start site of the leading gene of each TU. The cut-off score for putative Spo0A-phosphate binding sites was determined by comparing distributions of binding site scores and background sequence scores as described in the text.
Identi®cation of orthologs between two genomes
Genes which diverged because of speciation events are called orthologs (43) . Orthologous genes between B.subtilis and B.halodurans, between B.subtilis and B.anthracis, and between B.subtilis and C.acetyobutylicum were identi®ed by comparing the complete set of protein sequences from each of the two species using gapped BLASTP (44) . In this research, orthologous genes between two genomes were identi®ed using criteria described previously (34,45): (i) sequence similarities Genes that are initially from training set I and training set II are labeled with I and II , respectively.
between two ORFs should be statistically signi®cant. Any alignment with a BLASTP E-value of 1e±15 was considered statistically signi®cant; (ii) sequence similarity should extend to at least 60% of one of the ORFs; (iii) two ORFs from different genomes have the highest similarity reciprocally.
Calculation of the expected number of TUs in the Venn diagram
The expected number (OP exp_conservation ) of TUs from two genomes that share at least one gene, given n 1 and n 2 TUs in each genome that have putative binding sites at their upstream regions, can be calculated by the following formula:
where O is the total number of TUs that share at least one gene between two genomes and N 1 and N 2 are the total numbers of TUs in each genome. 
where n is the number of TUs that have putative binding sites, m is the number of TUs in the B.subtilis genome that are at least 3-fold dependent on spo0A, and N is the total number of TUs in B.subtilis. To get the value of m, we ®rst extracted all spo0A-dependent genes identi®ed by microarray experiments from the database accompanying the paper by Fawcett et al. (15) . To maintain consistency with the analyses done by these authors, we used at least 3-fold expression level change as the query criteria to search both expression pro®les of Spo0A and Sad67 and we obtained 734 genes. We then mapped these 734 genes to their corresponding TUs, giving us 555 TUs.
The overlapped parts of the expected Venn diagram can be calculated by multiplying the total expected number in one evidence category and the frequency of overlapping between the evidence categories. For instance, the expected number of B.subtilis TUs that are shared with B.halodurans and having their transcript levels at least 3-fold dependent on spo0A can be calculated as: 17.6 * E overlap = 4.1 where 17.6 is the expected number of TUs conserved between B.subtilis and B.halodurans and having putative Spo0A-phosphate binding sites, and E overlap is the frequency of overlapping between the two evidence categories, which is 555/2395.
Other programs
Sequence logos were constructed using the MAKELOGO program (46) . Multiple alignments of protein sequences were constructed using the program CLUSTALX (47) . The rest of the analysis was performed by using ad hoc PERL (48) scripts.
RESULTS
Structure of Spo0A and conservation in the DNA binding domain
Spo0A consists of two domains of similar size, an N-terminal phosphoacceptor domain (Spo0AN) and a C-terminal effector domain (Spo0AC). At the heart of the regulatory network controlling the sporulation process is the phosphorylation of Spo0A. Phosphorylation occurring at the N-terminal receiver domain switches on the transcription activation function residing in the C-terminal effector domain (49) . The crystal structures of Spo0AN, Spo0AN-phosphate (phosphorylated Spo0AN) and Spo0AC from B.sterothermophilus have been reported (50) , revealing that Spo0AC contains a helix±turn± helix (HTH) DNA-binding domain (51) . The co-crystal structure of the Spo0AC from B.subtilis with its DNA target was recently solved at 2.3 A Ê resolution (52) . The structure revealed that two molecules of Spo0AC form a tandem dimer upon binding to adjacent`0A' boxes (5¢-TGNCGAA-3¢). The following amino acid residues have been shown to participate in sequence-speci®c recognition of the DNA target: R214, R217 and E213. Figure 2 shows a multiple sequence alignment of the DNA binding motif of Spo0A from six Bacillus species and two Clostridium species. The alignment shows that the entire DNA binding motif of Spo0A is highly conserved across species, and the amino acid residues responsible for binding speci®city are strictly identical in all eight species. This high degree of sequence conservation implies a conserved recognition pattern for Spo0A-phosphate binding to its operators.
Identi®cation of the Spo0A-phosphate DNA binding motif The Spo0A DNA binding motif was initially determined`by eye' through the alignment of Spo0A binding sites. The Nucleic
consensus motif, termed`0A-box', was reported as a 7 nt sequence of 5¢-TGNCGAA-3¢(14) and 5¢-TGTCGAA-3¢ (12) . Unlike the recognition sites of restriction endonucleases, consensus words usually do not accurately represent the binding speci®city of transcription factors. Some positions in the motif will be more conserved than others and preference for each of the four bases can be different at each position. A more accurate representation of DNA binding sites is a 4 Q L weight matrix for an L long DNA motif (42) . Several algorithms have previously been developed for motif ®nding given multiple sequences including CONSENSUS (40) , ANN-Spec (41), Gibbs sampler (53) and MEME (54) .
Traditionally, one starts by collecting known upstream regulatory sequences of co-regulated genes and employing motif discovery algorithms to identify the common cis regulatory motif. Although a large number of DNA footprinted Spo0A sites are available (16), we did not use them to generate the weight matrix model for the Spo0A-phosphate binding motif because most of the footprinting experiments were performed with unphosphorylated Spo0A (11,13,14,55± 58) and we were not sure if the binding pattern would be the same for Spo0A-phosphate. Instead, we generated two training sets from which to determine the binding site pattern of Spo0A-phosphate. Training set I is a collection of upstream regions of 10 spo0A directly dependent genes (11 sequences) in B.subtilis and 23 orthologs in six other Bacillus species (see Materials and Methods). In addition, we identi®ed a set of eight novel spo0A directly dependent genes based on the analysis of a microarray data set (see Materials and Methods). In total, 18 upstream sequences from these eight genes and their orthologs (see Materials and Methods) were used as training set II. Having these two sets of training sequences allows us to check the consistency of the motif model for Spo0A-phosphate binding sites.
We used three computer programs to identify the Spo0A-phosphate binding motif from our training set I and training set II: CONSENSUS, WCONSENSUS and ANN-Spec. CONSENSUS was designed to ®nd an ungapped local alignment from multiple sequences using a greedy algorithm (40, 59) . WCONSENSUS is a variant of CONSENSUS capable of identifying an alignment without prior knowledge of its length. Both programs can calculate the statistical signi®cance of an alignment and report it as the E-value. Both strands were considered and the motif length was varied from 7 to 18 nt while running CONSENSUS. The most signi®cant motifs identi®ed from training set I were a 12 nt sequence TTTGTCGAANAA (E = 2.12 Q 10 ±21 ) by CONSENSUS, and a 9 nt sequence TTTGTCGAA (E = 3.42 Q 10 ±20 ) by WCONSENSUS.
After multiple training runs of the program ANN-Spec, the most signi®cant motif for a given length was identi®ed by their best objective function values (best energy values). We obtained a series of the most signi®cant motifs with different lengths from training set I. They all share a core consensus motif and the shortest most signi®cant motif is a 7 nt sequence TGTCGAA. However, no E-value is calculated by ANN-Spec that allows us to compare the statistical signi®cance of motifs with different lengths.
Combining the results of all three programs, we consider the 8 nt sequence (TTGTCGAA) as the Spo0A-phosphate binding motif (Fig. 3A) , the length of 8 nt was actually veri®ed by search results using the program PhyloCon newly developed by Wang and Stormo (60) . As an independent con®rmation, this motif (Fig. 3B) was also identi®ed as the most signi®cant motif in our training set II. Therefore, the ®nal weight matrix used to identify Spo0A-phosphate binding sites in our study was generated from the combined set of sequences. Sequence data in the combined set are shown in Table 1 . Parameters of the ®nal weight matrix are shown in Table 2 and its sequence logo is presented in Figure 3C . 
Score distribution of binding sites and determination of cut-off score
The ®nal weight matrix was used by the program PATSER to scan the upstream regions of TUs in the genomes of B.subtilis, B.anthracis and B.halodurans to ®nd potential Spo0A-phosphate binding sites. PATSER (version 3b) (40) allows one to score a DNA sequence of length l against a weight matrix. When scanning both strands of all upstream regulatory regions in a genome, we have a total of 2 * N * (L ± l + 1) scores, where N is the number of TUs in each genome, L is the length of the upstream region of each TU, and l is the length of the weight matrix (DNA motif). Since the speci®c binding sites of Spo0A-phosphate in each genome are only a small fraction of all 2 * N * (L ± l + 1) possible sites, we determined the cut-off score separating the binding sites from the large number of background sequences. The method applied in this study is based on the analysis of score distributions of binding sites and background sequences. Speci®cally, all sites in a genome were divided into two subsets given a moving test cutoff. Background sequences have scores lower than the test cut-off and putative binding sites above the test cut-off. The ®nal cut-off score is reached when the average score of the putative binding sites equals the average score of the combined training set. In this study, the test cut-off was gradually increased from 1 to 9 nats (natural logarithm of information content). The resulting average scores of the putative binding sites given a test cut-off and the numbers of these sites are shown in Table 3 . When the test cut-off was increased to 7.35, the average scores of binding sites in B.subtilis and B.halodurans are 8.24 and 8.21, respectively, which are very close to the average score (8.36) of the combined set (Table 1) . Therefore, 7.35 was chosen as the cut-off score for Spo0A-phosphate binding sites. The score distributions of all 8mers (background plus binding sites) and top scores for all TUs in B.subtilis are approximately normal with means of ±13.10 and 4.75 nats, respectively (Fig. 4) , indicating that most 8mers in the genomes are recognized as background by the Spo0A-phosphate weight matrix. Similar score distributions of all sites and top-scoring sites for all TUs were also observed in both B.anthracis and B.halodurans (data not shown). The combined training set has a mean and standard deviation (SD) of 8.36 T 1.45 nats (Fig. 4) . Using the cut-off of 7.35, two of the 17 B.subtilis sites in the combined set (Table 1) are missed, leaving a maximum sensitivity of 0.88.
Identifying the Spo0A-phosphate regulons
The sets of upstream regulatory sequences of all TUs in B.subtilis, B.anthracis and B.halodurans were scanned by PATSER using the ®nal weight matrix. Using the cut-off score described above, we identi®ed 273, 337 and 328 TUs in B.subtilis, B.anthracis and B.halodurans, respectively. The A, average scores of the set of putative sites above the moving test cut-off; B, the number of sites in the set de®ned in A. Score unit: nat. total number of TUs in each species, as estimated by the procedure of Eichenberger et al. (20) , are 2395, 3430 and 2425 in B.subtilis, B.anthracis and B.halodurans, respectively. So, using the cut-off of 7.35 for putative sites, the fractions of TUs predicted to be controlled by Spo0A-phosphate by the weight matrix alone are between 9.8 and 13.5%, with B.subtilis in between at 11.4%. However, we do not expect these predictions to be especially accurate on their own. Two of the known regulatory sites in the combined set are missed by using this threshold, which tells us that our predictions have some false negatives. We also expect false positives because weight matrices obtained from a small, and probably biased, sample are not completely accurate. Even if the matrix gave a true representation of the binding speci®city of the protein, there may be true binding sites that are not involved in gene regulation for other reasons, such as inappropriate location relative to the promoters. In order to improve the reliability of the predictions, we include additional information, speci®cally the measurement of gene expression dependent on Spo0A-phosphate (15) and the conservation of predicted binding sites in other Bacillus species. While expression changes may be due to Spo0A-phosphate directly or indirectly, the occurrence of high scoring predicted sites increases the likelihood that the regulation is direct. Occurrences of high scoring predicted sites can occur by chance, but their association with regulated genes and the conservation in other species indicate that they are likely to be involved in gene regulation. Table 4 lists all of the genes in each TU with a predicted site above the cut-off of 7.35 that meets one or more of the above criteria. There are a total of 121 TUs in the list, containing 288 genes. Figure 5 shows the distribution by the different types of evidence and also shows the expected number in each category if the observations were each independent (see Materials and Methods for details of the calculation). Using the criterion of expression level being at least 3-fold dependent on Spo0A-phosphate, 555 (23.2%) of the TUs have at least one gene above that threshold. However, the added requirement of a predicted binding site reduces the number of TUs to 89. However, given the large number of TUs meeting each criterion alone (11.4 and 23.2%), one would expect 63 TUs to meet both criteria even if expression was unrelated to predicted binding sites. So, the 89 TUs probably contain some, perhaps many, false positives. The number of TUs with predicted binding sites that contain genes orthologous to those in B.anthracis or B.halodurans that also have predicted sites are 32 and 33, respectively. If the conservation was by chance, the expected numbers would be~15 and 18, respectively, so those probably also contain some false positives. However, as the different types of evidence are merged the number expected to occur by chance decreases faster than the observed numbers. Essentially, zero TUs would be expected to have a predicted binding site that is conserved in both species and contains genes that are regulated by a factor of 3. We observed seven such TUs, containing a total of 21 genes, many of which have unknown functions (Table 4 ). In the subsets with two types of evidence the observed set of genes also exceeds the expected by~2-fold or more, so that most of them are likely to be true positives. Only for the genes with one type of evidence does the expected number come close to the observed number, and therefore those may be largely false positives. Because we have no way of distinguishing the true positives from the false positives, Table 4 contains the complete list of all TUs that meet any of the combined criteria, but those with only one type of evidence should be considered highly tentative.
DISCUSSION
We have carefully constructed a weight matrix model for the Spo0A-phosphate DNA binding sites. Since activation of Spo0A requires its phosphorylation (10) and most footprinting experiments were performed with unphosphorylated Spo0A (11,13,14,55±58) , we did not use footprint results to obtain the binding motif of Spo0A-phosphate. Instead, two completely independent training sets were used in this study. The consistency of Spo0A-phosphate binding motifs obtained from these two training sets ensures that the motif identi®ed here is reliable. Interestingly, this newly identi®ed motif turns out to be very similar to that obtained based on footprinting experiments using unphosphorylated Spo0A (12, 14) . This tells us that phosphorylation of Spo0A does not really change its binding pattern although the phosphorylation process is required for the activity of Spo0A. At this moment we do not know how phosphorylation of Spo0A affects its activity.
It should be pointed out that in the co-crystal structure two molecules of Spo0AC were found to form a tandem dimer upon binding to a synthetic DNA template bearing two binding sites separated by 10 bases. This suggested that dimerization or formation of oligomers of phosphorylated Spo0A may be essential for the activation of spo0A-dependent genes (52) . We calculated the number of Spo0A-phosphate binding sites in each of the 10 training set I sequences in B.subtilis. Only two regulatory genes, abrB and spo0A, had more than one binding site with a score >5.46 (2 SD below the average score of the combined set). The distance between adjacent binding sites in arbB was 10 nt, and that between adjacent binding sites in spo0A was 17, 24 and 88 bases, respectively. Therefore, we think that dimerization may be required for the activity of Spo0A, but binding of Spo0A-phosphate to promoters may not require more than one site. Formation of dimers or oligomers in the upstream regions of certain promoters that have two or more binding sites may affect the promoter strength.
We have predicted 288 members (organized into 121 TUs) of the Spo0A-phosphate regulon in B.subtilis by combining site prediction and comparative genomics with expression pro®le analysis. The 121 TUs include 12 of 16 from a combined training set of known Spo0A-phosphate regulated genes, indicating that the predicted set is still not the complete regulon. There are several reasons why a regulated gene might be missed by our procedure. The score of the predicted binding site may be below the cut-off, as with two of the training set genes. It is well known that the scores obtained from a small sample of binding sites are only approximate predictors of binding af®nity, and we chose a cut-off that is a compromise between getting all of the known sites and predicting too many false positives. Regulated genes may not show up on the list of 3-fold dependent genes because those measurements are intrinsically noisy, especially for genes expressed at a low level or for which cross hybridization with other genes is a problem. Genes may not show up as being regulated in other species because regulons are not completely conserved through evolution. In fact, one additional gene (34, 61) . The speci®city of the predictions varies depending on the number of types of corroborating evidence. We expect that those TUs that are conserved in both additional species and show 3-fold dependence on Spo0A-phosphate are true predictions, several of which are novel. Those with two lines of corroborating evidence are probably mostly correct, but may contain some false predictions. Many of those with only one line of evidence may be false predictions but warrant further investigation. Among the genes predicted with only one line of evidence, those predicted from the conservation between species are probably the more reliable because the majority of the cross-species matches are supported by another line of evidence. The genes predicted only by the 3-fold expression dependence are probably less reliable because the majority of the genes so identi®ed are not supported by additional lines of evidence. This is not too surprising because Spo0A-phosphate regulates several other transcription factors, and so has an indirect effect on the expression of many genes.
Although several groups have developed computational methods to predict bacterial TUs (62) , it remains a dif®cult problem and further improvement would be useful. In this study, we adopted a simple approach by only considering the intergenic distance between two genes (<80 nt) in the same direction (20) . Such a naõ Ève approach seems to work well compared with other more complicated methods, but can lead to genes being inappropriately included or excluded from true TUs.
Although the most conspicuous phenotype of the spo0A null mutation is defective sporulation, many other aspects of postexponential behavior are affected, including genetic competence, motility, antibiotic synthesis and the production of degradative enzymes (63) , suggesting that the regulatory network controlling different development pathways is partially coordinated by Spo0A-phosphate. In the Spo0A-phosphate regulon, several genes are known to encode transcription factors including AbrB, SinR, two alternative sigma factors s E and s F , which direct the transcription of genes functioning in mother and daughter cells, as well as those newly identi®ed putative members in this study. Further characterization of these regulators would provide the foundation for understanding the transcriptional regulatory network controlling cellular differentiation and development in B.subtilis. Very recently, the s E and the CodY regulons were characterized by two groups with different approaches (20, 22) . The s E regulon was characterized by a combined approach of microarray pro®ling and computational methods (20) . The CodY regulon was analyzed by chromatin immunoprecipitation coupled with microarray pro®ling (22) . Besides these regulon-by-regulon approaches to deciphering the entire network, one can start systematically modeling the entire regulatory network controlling cellular differentiation and development processes in B.subtilis by clustering integrated expression pro®les in B.subtilis, incorporated with other computational approaches.
Although spore formation occurs in many other bacteria including Gram-positive bacteria Streptomyces, Clostridium and Gram-negative bacteria Myxococcus (64,65), B.subtilis Spo0A orthologs can only be identi®ed in the members of the Gram-positive endospore-forming Bacillus/Clostridium group (66) . The genus Clostridia are a diverse group of Grampositive, anaerobic, spore-forming bacteria having considerable clinical and biotechnological importance. Mutation of the spo0A allele in C.acetobutylicum resulted in the loss of the sporulation phenotype associated with blockage of solvent biosynthesis, indicating that the B.subtilis spo0A ortholog plays an essential role in cellular sporulation and biosynthesis of solvents in C.acetobutylicum (66, 67) . We initially expected to identify candidates of the Spo0A-phosphate regulon in C.acetobutylicum by comparative genomics. Alignment of the DNA binding domain of Spo0A from C.acetobutylicum and other Bacillus species indicated that the amino acids for base-speci®c recognition are identical, suggesting that C.acetobutylicum Spo0A bind the same DNA motif as B.subtilis Spo0A. However, over half of the known spo0A-dependent genes in C.acetobutylicum do not have detectable strong Spo0A binding sites (scores more than the cut-off of 7.35), indicating that the regulons have changed signi®cantly between the two species or that the weight matrix of B.subtilis Spo0A-phosphate is inapplicable to de®ne C.acetobutylicm Spo0A binding sites, although they may share similar consensus sequences. In B.subtilis, Spo0A is activated by phosphorylation through a phosphorelay signal transduction pathway. However, the phosphorelay system in B.subtilis was lost in C.acetobutylicum (38) . Whether and how the phosphorylation of Spo0A occurs in C.acetobutylicum remains to be clari®ed. In addition, many of the sporulation genes identi®ed in B.subtilis are missing in C.acetobutylicum (38) . Until these con¯icting results can be explained, computational characterization of the Spo0A regulon in C.acetobutylicum remains a dif®cult task.
